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whnh techigiques will prove mast usetul tor
problems ofthis size Fo be prepared tor the
WOCE bvdrygraphic data st s proposed
to sart 2 confgratne womumts) effort 1o use
these data 1in afpstematic was

An companwiy of diflerent exssung tech-
niques <an be a Bt step in this ditecion A
number of paruafanis were actineh interest-
ed in being invoive§ The daa set s available
10 all parcipants. akd also to other interewt:
ed parties icontact C\Wunsch at MI1T, or the
mathag st WOCE INVERSDE on telemait
OMNETOCEANY 1t i expected that manv
other helds wil be maddasaitahle. through
collabaratne etlort o apropriatels gnidded
torm  $hewe would includ§transient tracers.
carhon refated helds, imprdged esiimates of
the wind held during the peiod. and surface
wolor measurements [ he grup agreed (o
share data av well as model re{phts and code
The parnaipanion ot other sicpists is wel-
comed
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Coupled Ocean-
Atmosphere Models

21st International Liege
Colloquium on Ocean Dynamics

Alan I, Weansien
Office of Naval Reswearch Arhngton \a

8. Edward McDonald

Naval Oceanorraphu and Atmeapherx Research
Labnratory, Stennis Space Center. M

Global-scale icean dvnamks related 10 kI
Nis1o-Southern Osaillanion (ENS() was the
focus of the 213t International Colloquium on
Ocean Drnamics ENSO prosides modelers a
Rreat deal of daia revealing corretanon be-
tween sea surtace temperature 1551} anoma-
fies and atmospherw pressure diflerentials in
the tropics. (See Enpield {1989} for an excel-
lent review of the daua)

The mecting was held Mav ¥-12, 1989, at
the Unaversity of Liege, Belgium More 1than
50 wientists attended. from Australia. Bel
gium, Canada. Federal Republic of Germany,
France. Hungary, ltaly, Japan. Netherlands,
People's Republic of China, Spam, UK., U S..
and USSR,

The 16th Colloquium, in 1984

The 1989 colloquiim followed une on the
same theme sn 1984 Ta goe content for the
1989 meeting 1 1s helpful to summarize the
eariier one. In 984 the 16th International
Liege Colloquium on (cean Dvnamics was
the first meeting 10 be devoted 10 coupled
ncean-nmosphere models {NAoul, 1983) The
motivation for the meeting was. 1n large pan,
the very strong El Nifio of 1982.19R8%

At the 1984 colloquium. 43 screntists pre-
sented papers. Almost 30 addressed ocean re-
sponse to speficterd atmospheric forang or
vice sersa. Onhy 2 attemipted to couple oceas.-
w and atmospheric general airculaton models
{GUMs). The modeling state-of the-art at tha
time was not ready (0 attack 3 benchmark on
the wale of the ENSQ ¢scle. One problem
that became evident in coupled GOMy wasa
discouraging downward chinaie drift in SST
and air temperature. On the whole, the feld
of interactine ocean-aimosphere modeling in
1984 was in us infancs. despite years of expe-
rience with separatels developed atmospheri
and oceanc GCMs

The i1st Colloquium, in 1989

At the 1989 Liege colloguium 52 papers
were presented. with about 40% addressing
or using ocean-atmosphere coupling patame-
ters. R. W Stewart of the University of Vic-
tona, British Columbia. Canada. opened the
mecting on the optimistic note that ncean
maodels are now approaching the point where
predictions are possible. He said that political
decision makers will take action based on this
predictive capability and that it is incumbent
on the research come wnity 10 express the
level of uncertainiy that exists in the preds-
tions. As the conference progressed. u be-
came clear that his assessment of predictine
capability was optimisiic and hs warning ot
unceruinty well lounded.

The papers pven during the first half of
the meeting dealt primarily with responses of
one medium to the other, with Jittle concern
for coupled interaction. The stated theme of
che meeting was coupling. so the imporance
of the first hall was o identifv the relevam
physics and numerics rather than present
specific results.

Scientists giving papers sn the second hall
of the meeting reporied varsing degrees of
success in modeling the ocean and atmo-
sphere together Some fndings will be oted
here because of their importance to the cou-
pling issue About 5 of the modeling papers

veryty of Marvland. College Park. descrited
avadabie da1a on £ NSO and stressed the
need 10 understand phase correlanons ey
dent in annual, bienntal and lower lrequencs
4 10 5 vear perresds) modes of atminpheos
sarabihity

1he mechanism by whrh equatanai aune
spheric respunses propagate from the 1ropcs
to midlantudes i3 not cdlear In lact not all
madel cak ulatuons propagate the respanse al
all When propagation orcurs. ot does so pry
manity n response to warm anomahes One
tuggested propagaton ncchamism imvolies
the interaction of equatonially mduced con-
rergence with the jet siream  The suggestion
" that the equatonat convergence interrupts
the zonal partern ot the jet stream. increasing
13 warve number and making st more menids-
omal i naiure

In ume. increased equatorat convection
leads to increased cloudiness and incrcased
outgoing radiason Radianon 19 Jhe least un-
derstood and most complxated heat-transter
process to cakoulaie in the atmesphere. so s
the weakest component of aimosphenc mud-
els. Sance radiation plavs such an imporant
tole 1 tropwal atmospheric motion. atmo-
spherc models wifer in thie regron of the
world

Fortunaiely, the other atmospherk process-
e3 have been simulated numencally (or more
than § decades in numencal weather predic.
tion INWP) models for the midiantudes Vor
tually all modern atmaspherw models used
for large-swale 2i7-3¢2 snieracnion research uwe
the “primiuve equatiins” {PE) of atmospherx
mouan. Such models adequatels umulate the
teievant physicat processes. with the excep-
ton of radianon

Ocean Dynamics

In contrast 10 2 long history with atmo-
spherw PE models. orean muvlels are relause-
I newer The bac . i b xean model currentiv
0 use for research was deseloped by Brian
[1969] A majorty of the conference papers
about large-scate ixcan simulaoon vsed one
of the vanants of this model Other mexdels in
use make phyacal nmplicavons tvpribied by
appreaches such as geostrophy. “quan-geos-
trophs.” lumped-parameter “box ocean ap-
proaches. and one-or 1wo laver Laver models
relate toxean evolution o honzontal motion
within vertscaliy homogenized lavers, with
moving laver boundaries descnibing the ocean
surface and thermodhine

(xean models respond 10 surface winds
and to exzprration and precipuation differ.
encee Wind stress provokes the quickest
ocean responscs, with tme scales down 1o less
than an hour—durmg passage of a storm. for
example On the ather extresae. the global
thermohaline circulason operates on a much
longer ume sale. 1 his arculauon trantport
the ocean's heat honzontalh and is driven by
density anomalies that can be duce 1o differen-
ual heating. evaparation and precipitavon. or
sertical mixing. The global thermohaline cir-
culation time 13 on a decade scale

Wind increase 2nomalses have wwo effects
on the ocean: wind-driven currents and
mixed-laver deepening Both effects strongly
mAuence ocezn circulation The curl of wind
atress 1 the prinapal facor in large-scale
wind-driven ocean rirculavon Mived-laver
derpening, along with evapotauon and pre.
apitauon. contribies 10 the thermnhahine
circulateen

Fresh water wput (precipuaton and run-
off) and eraporatin contitbute oppositely 10
mixed-laver proxesses that drive large-scale
circulavion currents Evaporation increases
mixed-laver sabims Because saline warer s
more denae than (resh, increased salinity
leads 10 increased convection, mived-lner
deepening and SST coohing. Conversely,
when [resh water input exceeds evaporation,
the ncean freshens, converuon 1 decreased
and the mixed laver shallows. Mexed-laver
deepening or shallowing sets up a honizontal
pressure gradient that manifens welf in hon-
2on1at currents. This process u the pninaipal
< t of the thermohahine circulation

addressed ENSO directly Some pr z
signs in the model resuits appeared in the
form of eastwardiv propagating 5ST anoma-
lies with time wales of nrder 2 years (or
crosmng the Pacific Ocean.

Atmospheric Dynamics

Papers on the fiest das dealt largelv with

atmospheric response to El Nifo. Warm SS1
lies have two ellects on the

atmasphere above them: increased latent heat
flus, and increased convergence Since aimo-
spheric mouon 1 1n ven delicate balance 1in
the tropics due 10 the prevalence ol convec-
tion and the absence of geostrophic control,
the warm SST anomalies quickly induce
broad-wale convergence of surface air "
comergence intenuhes comective updralts.
causing increased condensanon and, ultimate-
ly, precipitation

Condenwanon liberates hear, which intensi.
fies the surface convergence. Hence. in-
creased preaprtation generally follows centers
of SST warmung [t s the convergence of sur-
face air that i primarily responuble for the
increased precipiatnn. rather than the sim-
ple increase e tran heat Aux that enmes
from warmer SST E Rasmusson of the Une-

Two papess described ocean models used
th imvestigate thermohaline currents i the
Atlantx and the Pacific. respecinels The At
lanuc study preducted an inhibiung effect on
these curients that results itom increased
output of the St. Lawrence Rier. Both siud-
1es shawed that the existence of dual steady
states was plaunble. suggesung the posutulns
that dilferemt citculation patterns may have
exned i the past

Coupled Internctions

{iohal Scale Models  Dycanron of meoxdel
couphing began on the third day of the meet:
g About hall the remaining parucipants
dicussed 1rue coupiing Due 10 the complr-
cated nature of each indinadual medums 1e
spanse 1o the other. trubs coupled modeis re
QUITE ENNIMALS CHMPULET TEIOUTCEY OF (0N
uderable umphhcaion or bth  The latter
greatly compromises reafits and the former n
very expraine Hence. all the papers on true
couphng were flled with imroductory quatih
catons such 33 umpl:hcavon or prebmy
nary |
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o thas qualifving vein. it 13 worthwhile
highlighung some ot thewe preliminars re-
sults relaung 1o SST anomaly propagauon. S.
Phitander and W Lau of the (eophyvswal
Fluid Dyvnamxcs Laboratory tGFDLY in
Princeton, N | . found that the direction of
SST anomalv propagation was sensitive 10 the
resolution of the ocean model 1. Tolioka
and colleagues at the Meteorological Re-
search Insutute, in Lsukuba, Japan. lound
eastward propagating SST anomalies with
coupled 5-level atmosphere. 14-level ocean
models. both having a common horizonial
gnid resoluton ot 5° x 4* K Brvan of GFDL
found SST anomalies slowly propagating
eastward in the Atlanic Ocean. He noted
that unless a proper batance of moirnture Aux
between ocean and atmospheric models is
matnuained. the Atlantic's heat transport
mechanmism 13 impaired. leading to downward
:limarologwal drift eventually terminating in
an xe age.

1t appeary that the models of each medium
are sufhaenthy advanced. the interest in cou-
phing i1 suthcientlv high, and available com-
puter resoutces are rapudly enough increas.
NG %0 as to make true couplings attamable
Bui the present preliminary aitempts make
the findings sull tentatve

Chmate Drft . The most persistent of these
early firMlings was that both models exhibit
climate grift toward cnaling. Ocean and at-
maospheric GCMs using the PE approach
wive their enquanons (ac least in the verncal
direction) s hmite difference methods Finite
ditterences imphaiby or explicity intrenduce
numencal Hiffusion 1o ensure smonthness
and stabilits of the soluton. Since the ocean
has a large veservoir of cold water beneath a2
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refatively shallow. warm surface laver. a nu-
mcinal proceduse that mixes this deep large
cool resennorr with the shallow warm one
tends to Jower the surface temperature This
arufical diffusion of subsuriace water into
the mixed laver 1 2 senous problem tor PE
ocean models The armospherc radiaunn bal-
ance problem alw contnbutes 10 3 cold chima-
tologwal drift When ocean and stmospherx
models are coupled. this drift accelerates and
eventually weakens the coupled svsiem be-
yond reahity

Other Issues

Many topis other than those menuoned
here were dikussed at the 1989 Liege colio-
quium. Two papers dealt with smaller-scaie
maodel couphng: one on quas-steady maich-
ng of ocean and atmospherk boundary lay-
ers, and one on hurnicane dvnamxs.

Other vsues touched on dunng the confer.
ence were polar we cover, global atmospherk
2lbedo. and the greenhouse effect. Another
potenually important topx not covered was
the time and space sale mismatch between
atmosphersc and ocean processes. Duning
question penods. modelers were asked [ar
speafics on how interface condisons are han-
dled in light of this mismatch. Answers were
shont comments indicating that Auxes are in-
terchanged (rom one 10 a few times per dav.
Apparenth . 2 framewoth for conuistent flux
exchange has vet 10 be meesugated. It seems
tikelv that the temporal and spatal scale mes-
maich between ocean and atmosphere will re-
quire special numencal-theoretcal methods
for proper treaung of the interface. The rela-
tine importance ol these issues will, one
hopes, be clarthed by work 1n progress dur-
ng the next few vears

only 1o dfTuser reflectviy and inderendent of say specirometer
dcgradanon  Even oburvaiont of seisively thon term saler
Irradiance changrs w1tk taine must bt ased o6 8 moded of dulTuser
plate degradanon wace he SBUV dow provades 20 tbernal me:
- sty Wecily ffumes piace rellectivty changrs w all
el

A new nm of taphnly empincal modeis have Dres developed
thas produce 3 derier fie w a1 of e SBUV solar fua dos  The
-‘hu«.mf-——m-m.—:humﬂ-«
Dot and mpactmencnt degradunon. This — e witten S
wmrnhnhuw-n-n—n
agrvemant wik deis from the [obaon aetwert. SME and SAGi
aiclinen. or ah e difTerem trend i
Sroved mmcone |€ 16 ko thas cuteide mowrree ~¢
A et e ohiain 8 seaoe sodeion from SBUV rediance dois wriben
Ot precnen arcemary 1 deve meae St ¢ xomemcr of 8 ginkel anmal
Clone decresse A (OO facior @ gies w8 a fuwise of Neme
@ altrmede that bringy e SBLY 4ot wee 2p9rs Limate agrremmem
wuk SAGE SME. aond Uobeon atome trands. The wusl ozome
remine g0 2arre -nh & rrcenily devetoped wurtiensh maet
e

reance
500 lnege {Cnome mend_ SBUV TOMS}H

3. Cophye. Len.. D, Paper PIDONIL

g scatenng of rac smom
su!un VEASUNEUENTS OF LARGE SCALE AR POLLLITON
Enco

B0ntive B Be BN of e
tlonr G4y eno Mo Rery Sy b @
CHENOA (DrelaaDY ROI ace W

Pl
"oger o 8 Van Ty Imons The Berescs et

> 1

WATER RESOURCES RES

Ediors Note  (Paper BIWROYIIH
A Duarter Cemurs of Water Resources Reseorrh

Mydrostecirng Comples  (Paper BVWANISID

Fealustion of Voistrhzation by Dvgaax Chemcaht Revding Below the Sodl Surface
Wiliom A Jury Davd Ruiig Gary Swede
Kinetxcally Influe aced Terms for Soluie Trampore Afleciod by Heserogeneows snd Homogeneous

1Paper FIWROISAY)
n of [mgation
IPaper #9W RO0Y 1Y)

Hydrograph and Pariad Ares Runolf Gensretion

Tmphicstmons for Acudibcsiron Models (Paper $9%W ROL 91

Nots Chrtstcpherren RoN D vonr Colw Neol

Hydeokogi: Sensittviies of the Sacrameato San jonques Kiver Bsvun, Cobfc

Paper BYWRAGI I

Invesngaiion of Radel Drsgerson-C uacuance System m Porous b

e AcCumuisimm Dunng §raasron FThough Porows Med

A Stansical Log Pecewior Linear Monbel of ¢ ¢-Siatmm

Dersd B Brovhrhse Roeer £ Sonk and s.-u
1Poger IHWROI8S)
Incorporsting Dudy #lood Conired Ubectisgs 1010 o Monihly Stachaue Dynam Programesng Nn&l ll-

il Scuthern San Josguws Valley of

H 1 Vaur )
O Hydrologie Semslanty ) A Dimenvonicns Flocd Frequency Model Uung o (‘ﬂnrlh
1Pacuer BYWROE
Comrolling Mechamsms for Streom Water Chemasiry 81 the Prstise Ingatetten &l

tPuper FYWROI

Daie £ H,

Ioka D Miier and Nans M Srg "
. 10 Global Warwag

Denmr P Letieamaier and Thian Yrw Gon -
Paret P9WRDISI

TF NCovend B G Refhor n”
Paper TYR RO i Nam Gruber -
"Parer o Brvren C Bater [

Regronal Analvies of Precipnation Anwast Maiime m %o
Stwhaater Madeting of bia.rodvgerisna m Heltrogensous
A Somede Viernirve Mechond for e Sumeanrovs Dete:

Deta 1Paper BIWROIIG)

Macrodsperuon o Sand Shale Sequencas  |Paper 1Y

Corrections

State
4 Meda
of Sod Rydraudw Progw s From Nue Sice Outferw

Paper PPRROIY
(Paper VW ROINI) Toram Ruben m

Correermon 16 Madehnag the Trompon of

Correctrm 1o { Raracseniaiean sad
Paper BYW RGN

Joka D Velmaiter ond Pewos G Kevirdes Hy
14280 Alerandre 1. Derbarery "

. » tParer
Ml Betiree B 1 trpnw and? S C Roe 180

fmmaldl)'.‘u‘lm(mnvn M Ryver Agunfer
Ea it forpry Sionirs N Davs Avitia Lome Dovgias Denohny gnd A 1] Tomorke ot ?

y and Concl

Similanties and differences between thr
Rest and second Liege colloquiums devored tn
ocean-aunosphere coupling show the pro-
gress that has been made in the hye vears be
tween the mecungy. Although buth mere
nominally devoted 1o coupiing. both had
minoriy of papers truly devoted to that top-
& The 1989 collnquium made more progress
n that direction, but coupling s sull a very
complicated issue and most insesugators pre-
fer the simpier problem of ane medium re-
sponding to the other with no teedback

Despite this preference. a number of indi-
catars point in an optemstic ditextson dor
coupled modeling In 198 4 the communasy
was hardly readv to attempt senous mterac-
tive coupling of GCMs because of limated
computer resources and few proven models
Independent ocean and aimospherc modded-
ing has made connderabie progress over the
past 5 years. Computer resources are conud-
erably greater now thzn £ veass a3n, and ex-
cellent global models exist for coupled ex-
penmentation.

A few anccdotes help capture of the collo-
quium. Relerring to the history ol uncoupled
models. one speaker ponied vut “smpropn-
eties " of “topless oceans and " hotiomiess at-
mospheres.” Another speaker compared the
ocean-aimosphere interacson to a marrage
The parties to this marnage exchange heat
and have periods of elevated stress At umes
one member of the partnership i slave to the
other, and at other times forces the other
into acuon. Each member of the partnership
has its own personalitv: the atmosphere 15 1m-
petuous, the ocean rather resened

Another speaker pointed cut the need for
reliable component models with a profound
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observavon  when two had models are cou
pled. 1t s possible to get a bad result A
MOore ser10us IMMarsy was gnen by 5 lne
wn of the Metrorolngual Ufhce. Bracknel.
U K . when he maid  Coupled modehng 1
vers dithcalt. but we are making progress
Because ocean-aimorphere morded couphng
s 2 relauvely new and uncharied held ambn
nous madeling eflorts are sull in shake down
phases Modelers are generalh moung o
ward qualinause reasonabidity of results wuh
uanulatve stcuracy of predubons ser o e
determined. in companson with deselop
ments in the component modeling ateas. hrm
conclusions and new insights 1n coupled
ocean-aimosphere modeling are elusne
Within the component models. phyacs im-
prosement seems (o be required in atmo-
spheric radiavon simulatons. and improved
numencs scems to be required to remove nu-
mencal diffusion from the occan models
Larger computers will be required 1o allow
both models to be run in sufficient nme and
space resnlution to include all the relevant
processes. Since this latter suggesuan containy
an element of ‘bruie force.” there 1s an inds
cation of need for more theoreucal wark on
consistent model couphing aliowing for dispa
rate time and space scales of the ocean and
amosphere
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